Background: SET and MYND domain-containing protein 2 (SMYD2-OE) plays an important role in cancer development through methylating histone and non-histone proteins. However, little is known about the relevance of SMYD2-OE in colon cancer. Moreover, oxaliplatin (L-OHP) is applied as first line for colon cancer chemotherapy, but drug resistance restricts its efficacy. Unexpectedly, the mechanism of L-OHP resistance in colon cancer remains unclear. In this study, we investigated the relationship of SMYD2-OE expression and L-OHP resistance in colon cancer and further explored the underlying mechanism linking SMYD2-OE, L-OHP resistance, and colon cancer. Materials and methods: Expression levels of SMYD2-OE in colon cancer tissues of patients were tested. In vitro and in vivo assays were conducted to explore the function and mechanism of SMYD2-OE in colon cancer sensitivity to L-OHP. Results: SMYD2-OE was overexpressed in colon cancer tissues compared with non-neoplastic tissues and associated with poor prognosis of patients with colon cancer after L-OHP-based chemotherapy. Knockdown of SMYD2-OE increased colon cancer sensitivity to L-OHP in vitro and in vivo. However, SMYD2-OE overexpression promoted L-OHP resistance in colon cancer cell in vitro. In addition, SMYD2-OE could upregulate MDR1/P-glycoprotein expression depending on MEK/ERK/AP-1 signaling pathway activity. Conclusion: These results imply that SMYD2-OE promotes L-OHP resistance in colon cancer by regulating MDR1/P-glycoprotein through MEK/ERK/AP-1 signaling pathway, providing a potential strategy to sensitize che-motherapy by SMYD2-OE knockdown in colon cancer treatment.
Introduction
Colon adenocarcinoma (COAD) is the third leading cause of tumor-related death all over the world, and it is also one of the most common malignant tumors in P.R. China. 1 Once diagnosed, ~80% of patients with non-metastatic COAD can undergo surgical resection. However, recurrence after potentially curative surgery was observed among 30%-50% of patients with poor prognosis. 2 Therefore, adjuvant chemotherapy after surgical resection is necessary for patients with high-risk stage II or stage III COAD to reduce the risk of recurrence. 3 As a third-generation platinum-based chemotherapy drug for adjuvant treatment, oxaliplatin (L-OHP) mainly induces cell apoptosis by inhibiting DNA replication, followed by inhibition of transcription. 4 As a reported OCT2 substrate, L-OHP has effective improvement on outcome of stage III COAD patients. 5 In addition, recent studies found L-OHP-resistant cells in different colon cancer cells. 6 However, many COAD patients have been shown to be resistant to L-OHP exposure, limiting its 
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ren et al application in chemotherapy. L-OHP resistance includes low-efficiency cellular drug uptake and persistent activation of the antioxidant glutathione system for detoxification, as well as DNA repair enhancement. 7 L-OHP resistance in COAD is multifactorial and histone methyltransferase could promote L-OHP-based resistance. 8 Thus, some compensated signaling can promote L-OHP resistance. 9 A SET and MYND domain-containing histone methyltransferase, SMYD2-OE, methylates histone and non-histone proteins, including Rb, HSP90AB1, and p53. 10, 11 Through lysine methylation of Rb, SMYD2-OE could repress specific Rb/E2F genes and promote cell cycle progression.
12 SMYD2-OE could also accelerate the proliferation of cancer cells by methylating HSP90AB1. 13 While knockdown of SMYD2-OE enhances DNA damage-induced apoptosis with p53-dependence, 14 SMYD2-OE has been reported to be overexpressed in esophageal squamous cell carcinoma, 15 hepatocellular carcinoma, 16 breast cancer, 17 gastric cancer, 18 and pediatric acute lymphoblastic leukemia, 19 correlated with poor prognosis and patient survival. 20 However, there is little progress in research regarding any relationship between SMYD2-OE and L-OHP resistance in COAD.
In this study, we investigated the role of SMYD2-OE in L-OHP-resistant COAD. First, SMYD2-OE was upregulated in primary COAD. Overexpression of SMYD2-OE was an indicator of poor prognosis independent of other prognostic factors in COAD patients. Next, we discovered that knockdown of SMYD2-OE prompted L-OHP sensitivity in COAD cells in vitro and in vivo. Last, we confirmed that SMYD2-OE could increase the MDR1 expression through MEK/ERK/AP-1 signaling pathway, which enhanced chemotherapy resistance in COAD cells.
Materials and methods

Patients and specimens
All 110 specimens were obtained from patients who were diagnosed with colon cancer and underwent resection between 2011 and 2016 in the Third People's Hospital of Chengdu. The study was approved by the institutional review committee of Chongqing Medical University, and all patients signed informed consent documents. The study was conducted in accordance with the Declaration of Helsinki. Before surgery, the patients in this study did not receive any treatment, such as radiotherapy or chemotherapy. The patient's follow-up data are described in each patient's medical record. The clinical pathological factors were generalized in Table 1 . Tumor status, histology, and differentiation were assessed and diagnosed independently by two authors (Yuntao Li and Tongtong Zhang), according to the WHO guidelines of classification. Cells were exposed to 20 µM L-OHP in culture medium for 24 hours, then washed twice with PBS according to previously described criteria. 21 Cells were collected for the following analysis.
Measurement of mrna expression
Total RNA was extracted from COAD and the matched nontumorous tissues using TRIzol (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA (1 µg) was used for RT reactions in a 20-µL reaction to synthesize cDNA using the RevertAid first-strand cDNA synthesis kit (Thermo Scientific, Fermentas, Lithuania). RNA expression profiles were analyzed by real-time PCR using iTaq SYBR Green Supermix with ROX (BioRad) in an icycleriQTM Real-time PCR detection system. SMYD2-OE and MDR1 transcripts were amplified using primers described previously. 22, 23 immunohistochemistry staining
Immunohistochemical analysis was performed as previously described. 24 In brief, colon cancer tissues were subjected to deparaffinization, antigen retrieval, and blockage of nonspecific binding in turn. And then, the sections were specifically incubated with primary anti-SMYD2-OE antibody (1:100; Abcam, MA, USA) or anti-p-ERK1/2 antibody (1:1,000; Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight followed by incubation with biotinylated secondary antibody and 3,3′ diaminobenzidine. Immunostaining assessment was determined using composite scores by multiplying the percentage of immunoreactive cells (10%-25% as 1, 26%-50% as 2, 51%-75% as 3, and 76%-100% as 4) and the staining intensity (no staining as 0, weak staining as 1, moderate staining as 2, and strong staining as 3). The final staining score was divided into a low expression group (#6) and a high expression group (.7).
Proliferation assay
The cell proliferation assay was performed using CCK-8 assay according to the manufacturer's protocol (SigmaAldrich, St Louis, MO, USA). Briefly, 1,000 cells were seeded per well in 96-well plates, incubated with the supplied reagent for 1 hour, and the absorbance value of each well was measured using a microplate spectrophotometer at 490 nm from day 1 to day 5. The experiment was repeated in triplicate.
Western blot analysis
Samples were prepared from the cells lysed with CelLytic™ M cell lysis reagent (Sigma-Aldrich, St Louis, MO, USA) supplemented with a protease inhibitor (cOmplete™ protease inhibitor cocktail, Roche Applied Science). Fifty micrograms of protein was loaded for the gel electrophoresis and transferred to a polyvinylidene difluoride membrane. Membranes were blocked with 5% nonfat milk for 1 hour at room temperature, then probed with ERK1/2, p-ERK1/2, MEK1/2, p-MEK1/2 (1:1,000; Cell Signaling Technology), SMYD2-OE, GAPDH, and P-gp antibodies (1:1,000; Abcam, MA, USA) at 4°C. After getting rid of non-conjugated primary antibodies with washing buffer, the membranes were further incubated with goat anti-rabbit or anti-mouse IgG secondary antibodies conjugated to alkaline phosphatase, specifically. The protein bands were detected by chemiluminescence (Amersham Pharmacia Corp, Piscataway, NJ, USA).
colony formation assays
Cells (500 cells/well) were placed in 6-well plates and maintained in media containing 10% FBS. The medium was replaced every 4 days; after 14 days, cells were fixed with methanol and stained with 0.1% crystal violet (SigmaAldrich). Visible colonies were then counted. For each treatment group, wells were assessed in triplicate.
sphere formation assay
Two thousand to three thousand single cells were cultured in 1640 medium in one well of an ultra-low attachment 6-well plate. Medium was changed every 3 days by centrifuging the spheres formed at 1,000 rpm for 2 minutes. The spheres were counted after 10-14 day culture. To determine the self-renewal ability, spheres were trypsinized and replated at the concentration of 1,000 cells/mL for another 10 days. After that, spheres were fixed by 70% ethanol, both sphere numbers and diameters were calculated. sirna transfection siRNA oligonucleotide duplexes and siNegative control (control) were synthesized by GenePharma, Suzhou Co, Ltd (Suzhou, P.R. China). Control: UUCCCGAACGUGUC ACGU; siSMYD2: CAGGAACGACCGGTTAAGAGA. Briefly, HVJ 10 µL (HVJ-E) (Ishikawa Sangyo Kaisha Ltd, Osaka, Japan) was mixed with 5 µL of siRNA solution and 3 µL of Reagent B. After centrifugation, the pellet was resuspended in 27 µL of buffer, followed by the addition of 8 µL of Reagent C. The siRNA-HVJ-E mixture was combined with HCC cells and centrifuged at 12,000 rpm for 20 minutes at 4°C. The cells were resuspended in 1 mL of culture media and incubated for 72 hours. 
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ren et al reagent was used per well. Luciferase assays were performed using the Dual-Luciferase Reporter Assay System kit (Promega) according to the manufacturer's directions. Samples were read using a Dynex microtiter luminometer.
Assessment of drug efficacy in vivo
All animals were maintained and used in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Chongqing Medical University. All of the experimental procedures were approved by the Chongqing Medical University ethics commission. In vivo, tumor formation was established by subcutaneous injection of cancer cells suspended in 200 µL 1:1 RPMI 1640 and Matrigel into the dorsal flank of 5-to 7-week-old male Nu/Nu mice; 2.5×10 6 colon cancer cells were injected once. Mice were weighed and randomly sorted into treatment groups (six to eight mice per group). Treatment began when tumors reached 100-150 mm 3 . L-OHP dissolved in PBS was administered to tumor-bearing mice with 5 mg/kg body weight via tail intravenous injection once every 3 days. 25 The control mice were only treated with the same volume of PBS. Measurements were recorded every 3 days using a digital caliper. Tumor volumes were estimated by measuring two perpendicular diameters, a and b, using the formula (V=0. 
statistical analysis
All experiments were performed at least three times. The results were shown as mean ± SEM. All statistical analyses were performed using SPSS 22.0 software unless otherwise specified. Two-tailed unpaired Student's t-tests or Fisher's exact tests were used to evaluate the data. P-values ,0.05 were considered significant.
Results
high expression of sMYD2-Oe was associated with poor clinical outcome in cOaD patients undergoing l-OhP chemotherapy First, we detected the mRNA expression of SMYD2-OE in paired colon and matching non-neoplastic colon tissues, showing that SMYD2-OE was upregulated in COAD tissues compared with non-neoplastic tissues ( Figure 1A) . Consistently, we analyzed the level of SMYD2-OE in human COAD tissues using published data sets from TCG mRNA A database. In silico analysis demonstrated that SMYD2-OE was upregulated in COAD tissues compared with normal tissues. To explore the prevalence and clinical significance of SMYD2-OE overexpression, we quantified the expression of SMYD2-OE by immunohistochemistry in a cohort of 110 COAD patients with postoperative L-OHP chemotherapy ( Figure 1B) . Tumors with moderate and strong immunostaining were classified as high expression, while those with negative and weak as low expression. Interestingly, SMYD2-OE was expressed in only 2.5% (5/110) of the normal colon epithelium samples, but a significantly high expression level of SMYD2-OE was observed in 53.6% (59/110) of the COAD samples (P,0.001, Table 1 ). Moreover, Kaplan-Meier analysis revealed that SMYD2-OE overexpression was frequently observed in L-OHP exposure patients with shorter disease-free survival times ( Figure 1C) . Through analyzing the relationship between SMYD2-OE expression and clinicopathological characteristics of patients receiving postoperative L-OHP chemotherapy (Table 2) , we discovered that SMYD2-OE overexpression was more frequent in tumors with distant metastases compared with those without distant metastases ( Figure 1D ).
sMYD2-Oe induced l-OhP resistance of colon cancer cells in vitro and in vivo
To investigate the biological association of SMYD2-OE with chemotherapy resistance in COAD, we assessed the effects of SMYD2-OE silencing or overexpression on cell sensitivity on exposure to L-OHP. Our previous studies found that SMYD2-OE was highly expressed in SW620 cells and lowly expressed in SW480 cells. Correspondingly, we established SMYD2-OE knockdown using specific siRNA and high-expression in COAD cells using an overexpression plasmid. Interestingly, we observed that SMYD2-OE silencing promoted sensitivity of SW620 cells to L-OHP treatment. However, SW480 cells with SMYD2-OE overexpression exhibited increased resistance to L-OHP treatment ( Figure  2A-C) . Therefore, these results suggested that SMYD2-OE induces L-OHP resistance of colon cancer cells.
To verify the effect of SMYD2-OE knockdown on L-OHP-exposed colon tumor in vivo, we assessed tumorigenicity of SW620 cells in a nude mouse model. Tumor xenografts of SW620 cells with SMYD2-OE knockdown were markedly more sensitive to L-OHP compared with their counterparts after 2 weeks, and a similar trend was maintained until study termination ( Figure 2D ). Collectively, these results indicated that SMYD2-OE knockdown sensitized SW620 cells to L-OHP exposure in vivo, suggesting (Table 1) . (D) Western blot for paired cOaD tissues (T) and normal adjacent tissues (n) with indicated antibodies. The experiments were all repeated three times, and the representative results were shown. scale bars, 100 µm. **P,0.01. Abbreviations: cOaD, colon adenocarcinoma; DFs, disease-free survival; l-OhP, oxaliplatin.
that SMYD2-OE downregulation may promote the curative effects of L-OHP on tumor growth.
P-glycoprotein was a key player in sMYD2-Oe-mediated l-OhP resistance
To further investigate the mechanism underlying SMYD2-OE-mediated L-OHP resistance in COAD, we explored the expression of MDR1 encoded P-gp at the transcriptional level, and at the protein level by Western blot, as well as performed immunofluorescence staining after SMYD2-OE knockdown in SW620 cells and SMYD2-OE overexpression in SW480 cells. As shown, our data revealed that P-gp downregulation was consistent with inhibition of SMYD2-OE expression in SW620 cells, and accordingly, the P-gp upregulation with the increased SMYD2-OE in SW480 cells ( Figure 3A-C) . Previous study has indicated that P-gp expression was upregulated 26 in COAD and overexpression of P-gp promoted L-OHP resistance in colon cancer cells. These data indicated that P-gp was very important for SMYD2-OE-mediated L-OHP resistance in COAD.
sMYD2-Oe promoted P-glycoprotein expression through MeK/erK/aP-1 signaling pathway
Increasing evidences suggested that P-gp was involved in MEK/ERK/AP-1 signaling pathway with P-gp as one of target genes, and so we measured the activity of MEK/ERK/AP-1 pathway in COAD. The results showed that MEK/ERK pathway was inhibited in SMYD2-OEdownregulated SW620 cells ( Figure 4A ). On the contrary, the expression of p-ERK1/2 and p-MEK1/2 was both upregulated in SMYD2-OE-overexpressed SW480 cells. And also, ERK1/2 inhibitor U0126 could partially reverse the P-gp upregulation in SW480 cells ( Figure 4B ). The AP-1 binding ability had the same trend ( Figure 4C ). These results suggested SMYD2-OE promoted P-gp expression through activation of MEK/ERK/AP-1 signaling pathway in COAD. To further explore the clinical implication of the above findings, we analyzed the relationship between SMYD2-OE and p-ERK1/2 expression in COAD tissues by immunohistochemistry. We observed that 25/40 (62.5%) tumors had more intense staining of SMYD2-OE, and 27 L-OHP is often the first-line clinical therapy for COAD, and about 50% of patients benefit from L-OHP treatment. However, resistance to L-OHP occurs frequently. 28 The L-OHP resistance is caused by multiple mechanisms, including chemotherapy drug resistance associated protein overexpression, DNA-Pt adduct formation, and defects in signaling transduction pathways. 8 And also, the L-OHP resistance is closely related with the recurrence rate of patients with COAD after radical resection. 29 Previous study reported that SMYD2-OE, as a clinically relevant prognostic marker, was overexpressed in various cancer tissues including hepatocellular cancer, 16 triple negative breast cancer, 17 gastric cancer, 18 lung cancer, 30 and bladder cancer. 31 In addition, SMYD2-OE played an important role in cancer chemotherapy. 32 In this study, we examined the role of SMYD2-OE in COAD with L-OPH exposure. SMYD2-OE was overexpressed in COAD tissues and associated with poor prognosis for L-OHP-based chemotherapy in COAD patients. Our data also showed that knockdown of SMYD2-OE expression sensitized colon cancer cells to L-OPH exposure in vivo and in vitro. Therefore, previous results and our data both indicated that SMYD2-OE might play an important role in L-OHP resistance of COAD. And for all we know, this is the first study to estimate the potential of SMYD2-OE as a therapeutic target to sensitize COAD cells to L-OHP.
More importantly, we provided a potential molecular mechanism to elucidate the SMYD2-OE-mediated resistance to L-OHP. P-gp is a membrane transporter, as a member of ATP-binding cassette superfamily, encoded by the MDR1 gene. 33 Previous study indicated that P-gp deregulation in COAD tissues predicated poor diagnosis, 34 while P-gp overexpression induced L-OHP resistance in COAD cells. 35 Here, we found that P-gp was suppressed when SMYD2-OE expression was inhibited in SW620 cells, and also, P-gp was upregulated when SMYD2-OE expression was increased in SW480 cells, indicating that P-gp was a key player in SMYD2-OE-mediated L-OHP resistance.
For the mechanism of SMYD2-OE-mediated L-OHP resistance, the upstream MEK/ERK/AP-1 signaling pathway of MDR1 gene was revealed to regulate P-gp transcription. Activated ERK1/2 phosphorylates transcription factor AP-1, contributing to AP-1 nuclear translocation, and then promoting MDR1 expression. Our data showed that SMYD2-OE overexpression enhanced MEK/ERK/AP-1 activation while SMYD2-OE inhibition blocked their activities. Consistently, both SMYD2-OE and p-ERK1/2 were located in the nucleus of cancer cells. Moreover, there was a significant positive correlation between SMYD2-OE and p-ERK1/2 protein expression in COAD, using statistical analysis. On the basis of the results, the MEK/ERK/AP-1 pathways may mediate the activity of SMYD2-OE in inducing L-OHP resistance in colon cancer. This in turn may interfere with receptors and signal transduction pathways associated with drug metabolism and may have an impact on chemotherapeutic sensitivity of COAD cells. We analyzed the mechanisms and functions of SMYD2-OE in L-OPH resistant COAD using specific siRNA. Further research is also needed to confirm whether small molecule inhibitors of SMYD2-OE could promote L-OHP sensitivity in COAD and its possible mechanisms and, in addition, how SMYD2-OE could regulate MEK/ERK/ AP-1 signaling pathway in vitro and in vivo.
Taken together, SMYD2-OE promoted L-OPH resistance in colon cancer cells by mediating P-gp upregulation through MEK/ERK/AP-1 signaling pathway, suggesting that inhibition of SMYD2-OE could be a therapeutic strategy candidate for colon cancer with L-OHP resistance.
Conclusion
SMYD2-OE promotes L-OHP resistance in colon cancer by regulating MDR1/P-glycoprotein through MEK/ERK/AP-1 signaling pathway, providing a potential strategy to sensitize chemotherapy by SMYD2-OE knockdown in colon cancer treatment.
